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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-184 

AN EXPERIMENTAL INVESTIGATION AT A MACH NUMBER OF 4.95 OF 

FLOW I N  THE VICINITY OF A No INTERIOR CORNER 

ALINED W I T H  THE FmE-STREAM VELOCITY 

By P. Calvin Stainback 

SUMMARY 

An experimental i nves t iga t ion  was made t o  determine t h e  e f f e c t s  of 
t h e  shock-boundary-layer i n t e r a c t i o n  on t h e  s t a t i c  pressure and hea t -  
t r a n s f e r  rate i n  t h e  v i c i n i t y  of a n  i n t e r i o r  corner formed by t h e  normal 
i n t e r s e c t i o n  of two planes where t h e  l i n e  of i n t e r s e c t i o n  w a s  a l i ned  wi th  
t h e  free-stream ve loc i ty .  The inves t iga t ion  was made a t  a nominal Mach 
r:u"uer of 4.35 ar?c? a stagnation temperature of 400' F. 

c; 
Reynolds number f o r  t h e  hea t - t r ans fe r  inves t iga t ion  ranged from 1.95 x 10" 
t o  74.17 x lo6 per  foo t  and f o r  t h e  pressure tes t ,  from 15.19 x l& to 
74.17 x 106 per  foo t .  

The nominal 

l r i  Ihe r e s u l t s  of the 1 r ;~cs t iga t ion  ind-lcated that t h e  s t a t i c  pressure  
i n  t h e  v i c i n i t y  of t h e  corner was f rom10 t o  12 percent g r e a t e r  than t h e  
pressure on a f l a t  p l a t e  f o r  t h e  same free-stream conditions. The heat-  
t r a n s f e r  inves t iga t ion  ind ica ted  t h a t  t he  lmLmr-fYow hea t - t r ans fe r  rate 
i n  t h e  v i c i n i t y  of t he  corner w a s  higher than t h e o r e t i c a l  values f o r  a 
f l a t  p l a t e  a t  the  same test  conditions. For a Reynolds number of 
3.39 x 106 per  foot ,  t h e  increase was about 50 percent f o r  s t a t i o n s  
0.10 inch from t h e  corner. The e f f e c t  of t h e  corner on t h e  hea t - t r ans fe r  
rate decreased with both d is tance  from t h e  corner and increasing u n i t  
Reynolds number. The e f f e c t  of t h e  corner on t h e  turbulent-flow heat-  
t r a n s f e r  rate and t h e  t r a n s i t i o n  Reynolds number was negl ig ib le .  

INTRODUCTION 

The phenomenon of shock-boundary-layer i n t e r a c t i o n  has become of 
increas ing  importance i n  aerodynamics as attempts have been made t o  
propel a i r c r a f t s  and missiles t o  higher and higher speeds. It has been 
found that a t  high speeds t h e  shock-boundary-layer i n t e r a c t i o n  on simple 
shapes ( f l a t  p l a t e s ,  wedges, and cones) can appreciably alter t h e  aero- 
dynamic c h a r a c t e r i s t i c s  of these  shapes ( ref .  1). 
as t o  what ex ten t  w i l l  shock-boundary-layer i n t e r a c t i o n  alter t h e  

The question arises 



2 

aerodynamic c h a r a c t e r i s t i c s  of more complex shapes of poss ib le  importance 
i n  aerodynamics. 
in te rac t ion  have on t h e  flow i n  the  v i c i n i t y  of an i n t e r i o r  corner formed 
by the  normal in t e r sec t ion  of two planes where flow i s  d i r ec t ed  p a r a l l e l  
t o  t he  l i n e  of i n t e r sec t ion  (he rea f t e r  noted t h e  corner-flow problem)? 
It i s  expected t h a t  some in t e rac t ion  between t h e  normally undisturbed 
f l a t - p l a t e  boundary layer  w i l l  occur i n  t h e  v i c i n i t y  of an i n t e r i o r  corner 
when the rad ius  of t he  corner i s  of t h e  order  of t h e  boundary-layer th ick-  
ness.  This i n t e rac t ion  can, f o r  high-speed compressible flow, a f f e c t  t he  
flow external  t o  t h e  boundary layer  as a r e s u l t  of induced shocks. There- 
fo re ,  the boundary l aye r  i n  the  v i c i n i t y  of t h e  corner w i l l  be influenced 
by t h e  mutual in te r fe rence  between normally undisturbed f l a t - p l a t e  bound- 
a r y  layers  and by t h e  mutual i n t e rac t ion  between t h e  boundary l aye r  and 
the  external  flow. 

For example, what e f f e c t  w i l l  shock-boundary-layer 

There appears t o  be no compressible-flow so lu t ion  f o r  t he  corner- 
flow problem. There are, however, so lu t ions  t o  t h e  problem f o r  an incom- 
press ib le  f l u i d .  With the  assumption of incompressible flow, t h e  only 
phenomenon present  i s  t h e  mutual in te r fe rence  between t h e  otherwise 
undisturbed f l a t - p l a t e  boundary l aye r s  i n  t h e  v i c i n i t y  of t h e  corner. 

The f i r s t  attempt t o  solve t h e  incompressible corner-flow problem 
w a s  apparently made by Loiziansky (ref.  2)  and by Lo i t s i ansk i i  and 
Bolshakov ( r e f .  3 ) .  
obtained by the  K h h - P o h l h a u s e n  i n t e g r a l  method. 
obtained a so lu t ion  t o  t h e  problem by solving t h e  boundary-layer equa- 
t i o n s  i n  t h ree  dimensions. Sowerby and Cooke ( ref .  5 )  solved t h e  prob- 
l e m  by using a modified form of t h e  Rayleigh method. 

In  t h e i r  ana lys i s  a so lu t ion  t o  t h e  problem w a s  
Car r ie r  (ref.  4 )  

The r e s u l t s  obtained i n  references 3 t o  5 ind ica ted  t h a t  t h e  mutual 
interference between t h e  laminar boundary l aye r s  i n  the  v i c i n i t y  of a 
corner resu l ted  i n  a reduced drag as compared with the  drag on an i so-  
l a t e d  f l a t  p l a t e .  
ranged from 12 percent (ref.  3) t o  30 percent ( ref .  5 )  when t h e  width 
of  t h e  planes forming the  corner was of t he  order  of t h e  i n t e r a c t i o n  
width. The in t e rac t ion  width was given as follows: 

This reduction i n  drag f o r  a 90' i n t e r i o r  corner 

where 
y i s  distance from the  corner, x i s  d is tance  from leading edge, and 
N R ~ , ~  
edge. 

c 

i s  free-stream Reynolds number based on d is tance  from leading 

is a constant ranging i n  value from 5 (ref.  4) t o  8.3 (ref.  3), 

The reduction i n  drag predicted by these  theo r i e s  would ind ica t e  a 
reduction i n  heat  t r a n s f e r  i n  the  v i c i n i t y  of the corner if a form of 

L 
5 
2 
1 
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Reynolds analogy i s  assumed. 
incompressible flow probably require  modification before they can be 
applied t o  flow conditions where compressibil i ty e f f e c t s  a r e  present;  
and f o r  supersonic flow, t h e  r e s u l t s  are of questionable value a s  a 
r e s u l t  of shock-boundary-layer interact ion.  The e f f e c t  of t he  corner 
on boundary-layer t r a n s i t i o n  i s  another problem t o  be considered. 

However, the  r e s u l t s  obtained by assuming 

The corner-flow problem i s  of i n t e re s t  f o r  high-speed compressible 
flow since many present-day f l i g h t  configurations have components which 
can be approximated by 90° i n t e r i o r  corner. It i s  the  purpose of t h e  
present paper t o  present pressure and heat- t ransfer  measurements made 
on a 90’ corner formed by the  in te rsec t ion  of two f l a t  p l a t e s  where t h e  
l i n e  of i n t e r sec t ion  i s  a l ined  with the free-stream veloci ty .  The nom- 
i n a l  t e s t - sec t ion  Mach number and stagnation temperature f o r  t h e  inves- 
t i g a t i o n  were 4.95 and 400’ F, respectively.  The nominal Reynolds num- 
ber  f o r  t h e  heat- t ransfer  tes t  ranged from 1.95 x 10 6 t o  74.17 x 10 6 per  
foot  and f o r  t h e  pressure t e s t ,  from 15.19 x lo6 t o  74.17 x 10 6 per  foot .  

SYMBOLS, 

spec i f i c  heat of model material 

free-stream spec i f i c  heat of a gas a t  constant pressure cz ,m 

NRe un i t  Reynolds number based on free-stream conditions 

NRe, x Reynolds number based on free-stream conditions and d i s -  
tance from t h e  leading edge 

NSt Stanton number based on free-stream conditions 

P model s t a t i c  pressure 

P t  free-stream stagnation pressure 

P, free-stream s t a t i c  pressure 

aerodynamic heat- t ransfer  r a t e  qaero 

qcond conduction heat- t ransfer  r a t e  

% t o r  heat-storage r a t e  
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Tm 

Tr 

Tt 

model material temperature . 
recovery temperature 

stagnation temperature 

TW model wall temperature 

Tcn free-stream static temperature 
L 
5 
2 
1 

time t 

Urn free-stream velocity 

coordinate axes, X-axis parallel to, and Y- and Z-axes 
transverse to, the free-stream direction 

distances along corresponding coordinate axes 

recovery factor 

P gas density 

density of model material 4n 
f ree-stream density 

model skin thickness T 

Subscripts : 

apparent heat -transf er rate a 

corner model C 

quantities associated with the excess mass in corner of 
heat-transfer model . e 

fP flat-plate model 
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DESCRIPTION OF MODELS 

The corner models were formed from two 0.50-inch-thick f l a t  p l a t e s  
i n t e r sec t ing  t o  form a 90' i n t e r i o r  corner, 4 inches by 4 inches i n  t h e  
t ransverse  d i r ec t ion  and 10 inches long ( f i g .  1). The model w a s  t e s t e d  
with the  l i n e  of i n t e r sec t ion  a l ined  with t h e  free-stream ve loc i ty .  

Pressure Model 

The corner pressure model was fabricated from two f l a t  p l a t e s  which 
were machined from 0.50-inch-thick s t a in l e s s - s t ee l  bar  stock. The corner 
w a s  formed by assembling t h e  p l a t e s  perpendicular t o  each o ther .  Leading 
edges of the  f l a t  p l a t e s  were machined t o  kni fe  edges by beveling the  
p l a t e s  20'. 
model dimensions a r e  shown i n  f igu re  2. 

The leading-edge thickness was 0.0010 k 0.0005 inch. General 

Because of t h e  expected symmetry of flow, only one i n t e r i o r  face  of 
t he  model was instrumented. A t o t a l  o f  28 s ta t ic -pressure  o r i f i c e s  were 
loca ted  ~ ? r ?  t h i s  face.  The o r i f i c e s  were located t o  provide t h e  g r e a t e s t  
number of pressure readings i n  the  v i c in i ty  of t h e  corner and the leaZizg 
edge. The coordinates of t he  presswe o r i f i c e s  a r e  given i n  t a b l e  I. 

The model w a s  t e s t e d  as a f la t  p l a t e  by removing one p l a t e  forming 
the corner.  A narrow p l a t e  w a s  added t o  the  instrumented s ide  t o  elim- 
ina t e  any end e f f e c t s  on t h e  measured pressures  (fig. 2 ) .  
of t e s t i n g  the  model both as a f l a t  p l a t e  and as a corner model, t h e  
Zata could be reduced t o  a form which would el iminate ,  insofar  as possi-  
b l e ,  any tunnel  e f f e c t s .  

As a resi.ilt 

Heat-Transfer Models 

The corner hea t - t ransfer  model was machined from a s ing le  piece of 
17-4PH s t a i n l e s s - s t e e l  bar  stock. The p l a t e s  which formed t h e  corner 
were 0.50 inch th ick ,  and the  instrumented s ide  was counterbored from 
i t s  e x t e r i o r  face  t o  form t h e  thermocouple s t a t i o n s  ( f i g .  2 ) .  
diameter of t h e  cavi ty  w a s  0.50 inch. The depth of t h e  counterboring 
operat ion was cont ro l led  t o  produce a model skin thickness  of 0.030 inch 
over t he  e n t i r e  diameter of t he  cavity.  
edge, t h e  diameter of the counterbored holes  was reduced t o  0.030 inch 
because of space l imi t a t ions .  I n  the v i c i n i t y  of t h e  corner,  adjacent  
ho les  overlapped; when t h i s  occurred, a s l o t  was machined t o  accomodate 
the  thermocouples. A l l  t h e  cav i t i e s  were shielded from t h e  t e s t - sec t ion  
flow by the mounting s t r u t  o r  by cover p l a t e s .  

The 

I n  the  v i c i n i t y  of t he  leading 
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At the corner two counterbore operations, Po apart, were made per I 

station in order to form a corner with a 0.030-inch-thick wall (fig. 2). 
As a result of this method of machining, an excess mass 0.030- by 0.030- 
inch existed opposite the line of intersection of the planes forming 
the corner. This excess mass received no direct aerodynamic heating 
from the model surface; the heat stored in this mass was received from 
adjacent metal by conduction. Thermocouples were located on the, corner 
of this excess mass diagonally opposite the interior corner exposed to 
the air stream. These thermocouples were used to estimate the conduc- 
tion effect of the excess mass in the corner on the thermocouples located 

c 

0.10 inch from the corner. L '  
5 

A total of forty-one 0.010-inch-diameter iron-constantan thermo- 2 
couples were installed in the model. The thermocouple junctions were 1 
made by spot-welding individual thermocouple wires to the reverse side 
of the model skin as shown in figure 2. The thermocouples were located 
to give the greatest number of temperature readings in the vicinity of 
the corner and the leading edge. The coordinates of the thermocouple 
stations are given in table 11. At three stations, three thermocouples 
were installed in the same cavity to provide measurements required to 
estimate the conduction effects of the thick model wall on the thermo- 
couple measurements at the center of the instrumented skin (fig. 2). 

The corner was formed with the minimum radius of curvature possible, 
and the radius was measured to be approximately 0.006 inch. 
edge of the model was measured and found to be less than 0.0005 inch. 
The surface finish of the model was uniform and ranged from 7 to 
10 microinches. 

The leading 

A temperature-sensit ive paint' investigation was conducted to gain 
further insight into the heat-transfer rate in the vicinity of the corner. 
In order to conduct this investigation, a third model was constructed. 
This model was fabricated from wood to provide a material which would 
reduce the effect of lateral conduction on the results. 

TEST PROOURE 

Testing of the corner model was conducted at the Langley gas dynamics 
laboratory in a 9-inch axially symmetric blowdown jet at a nominal Mach 
number and stagnation temperature of 4.95 and 400' F, respectively. 
test-sect'on Reynolds number for the heat-transfer test ranged from 
1.95 x 10 to 74.17 x 10 per foot and for the pressure investigation, from 

The 

k 6 

'The temperature-sensitive paint, which carried the trade name 
"Thermocolor" (presently sold under the label "DetectoTemp") , was procured 
from the Curtiss-Wright Corporation, Princeton Division. 
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15.19 x lo6 t o  74.17 x lo6 per  foot .  
f o r  a l l  Reynolds numbers g rea t e r  than 12.24 x 106 per  f o o t .  
numbers less than 12.24 x 10 6 per foot ,  t h e  j e t  exhausted t o  the  labora- 
t o r y  vacuum system. 

The j e t  exhausted t o  the  atmosphere 
For Reynolds 

When t h e  j e t  w a s  exhausted t o  t h e  vacuum system, the main a i r  valve 
t o  t h e  s e t t l i n g  chamber was adjusted t o  prevent f u l l  opening of t h e  
valve. This method of t e s t i n g  was necessary t o  reduce t h e  s t a r t i n g  time 
of t h e  j e t  because of valve opening time. The poss ib le  inf luence of t he  
p a r t l y  opened valve on t e s t - sec t ion  conditions was inves t iga ted  by placing 
a s tagnat ion pressure probe i n  the  t e s t  sec t ion  a t  a loca t ion  which cor- 
responded t o  the  midchord of t he  model instrumented surface.  Data were 
obtained with the  probe over t h e  range of conditions run during the  corner 
inves t iga t ion .  The t e s t  sec t ion  Mach number va r i a t ion  with s tagnat ion 
pressure w a s  computed from these  data ,  and t h e  r e s u l t s  are presented i n  
f igu re  3. 
had no apparent e f f e c t  on tes t - sec t ion  s t a t i c  conditions.  The Mach num- 
ber  va r i a t ion  with s tagnat ion pressure, shown i n  f igu re  3 ,  was used 
throughout t he  inves t iga t ion  t o  calculate  free-stream conditions.  

The figure indica tes  t h a t  the p a r t l y  opened main a i r  valve 

Pressure tes ts  were conducted with the  rriUde1 mo~nted i n  t he  test  
sec t ion  p r i o r  t o  s t a r t i n g  the  je t .  The pressures  were indicated on a 
120-inch b u t y l  phthalate  manometer board. 
evacuated t o  approximately tes t - sec t ion  s t a t i c  p re s su re ' by  a va- L miin 
p i m p  t o  reduce running time. The sump pressure was indicated on a 
s ingle- leg mercury manometer which was -;mted t.n t h e  atmosphere. 

The manometer board sump w a s  

For t he  hea t - t ransfer  invest igat ion,  t he  j e t  w a s  brought up t o  the  
des i red  operat ing conditions w i t h  the model outs ide the  test  sec t ion .  
After  steady operation had been obtained, a v e r t i c a l  door i n  t h e  tes t  
sec t ion  was re t rac ted ;  and the  isothermal model, which was s t r u t  mounted 
( see  f i g .  2) on a second door t h a t  was actuated by a hor izonta l  pneu- 
matic cyl inder ,  w a s  inser ted  i n t o  the t e s t  sec t ion .  The t r ans i en t  
hea t ing  time, between the  i n s t a n t  when the  model i n i t i a l l y  entered t h e  
t e s t - sec t ion  door and the  i n s t a n t  when the  model was i n  i t s  proper posi-  
t i o n  i n  t h e  t e s t  sect ion,  w a s  l e s s  than 0.05 second. The model w a s  
removed from the  t e s t  sect ion a f t e r  about 4 seconds and was brought t o  
isothermal conditions,  approximately room temperature, by su i t ab le  
cooling. A more complete descr ipt ion of t he  j e t  and t h i s  method of 
t e s t i n g  can be found i n  reference 6. 

The wooden model fabr ica ted  for  t h e  temperature-sensit ive pa in t  
i nves t iga t ion  was t e s t e d  i n  a manner similar t o  t h a t  f o r  t h e  heat-  
t r a n s f e r  model. 
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REDUCTION OF DATA 

Pressure Data 

The pressure data were reduced t o  two forms: (1) the  increase i n  
t h e  pressure on t h e  model over t h e  tunnel  free-stream s t a t i c  pressure 
was divided by t h e  tunnel  s t a t i c  pressure and (2 )  t he  increase i n  t h e  
s t a t i c  pressure on the  corner model over t he  f l a t - p l a t e  model w a s  
divided by t h e  f l a t - p l a t e  s t a t i c  pressure.  

Heat-Transfer Data 

Heat-transfer da t a  were obtained by recording t h e  temperature-time 
The hea t - t ransfer  h i s t o r y  o f  t he  model on a multichannel osci l lograph.  

ra te  t o  the model was calculated with the  use of t h e  following equation: 

4 

L 
5 
2 
1 

The heat-storage ra te  ( a l so  noted as t h e  apparent aerodynamic hea t ing  
rate) expressed i n  equation ( 2 )  can be equated t o  t h e  aerodynamic hea t ing  
rate, i f  it i s  assumed t h a t  t h e  hea t  t r ans fe r r ed  t o  t h e  model by  aero- 
dynamic e f f ec t s  i s  e s s e n t i a l l y  s tored  i n  t h e  model i n  t h e  v i c i n i t y  of  
t h e  thermocouple ( l a t e r a l  conduction negl ig ib le )  and i s  c o r r e c t l y  ind i -  I 

ca ted  by the temperature measured on the reverse  s ide  of t he  sk in  (nor- 
mal conduction i n f i n i t e ) .  The equation a l s o  assumes t h a t  t h e  e f f e c t  of 
r ad ia t ion  i s  negl igible;  t h i s  i s  t r u e  as a r e s u l t  of the  low absolute  I 

temperatures involved throughout t he  t e s t .  The e f f e c t  of  l a te ra l  hea t  
conduction on t h e  apparent hea t - t ransfer  r a t e s  was inves t iga ted  theo- 
r e t i c a l l y  by using the  r e s u l t s  of reference 7. The unsteady-flow heat-  
conduction problem solved i n  reference 7 app l i e s  only t o  wires and 
semi-inf i n i t e  s labs  (one dimensional) ; therefore ,  t h e  r e s u l t s  can only 
be used t o  estimate t h e  la teral  conduction e f f e c t s  f o r  t h e  model sta- 
t i o n s  t h a t  were mil led s l o t s .  The cor rec t ion  t o  the  apparent hea t ing  
r a t e  for s ta t ions  located i n  t h e  mil led s l o t s  (0.50 inch wide) w a s  essen- 
t i a l l y  zero i f  t h e  da t a  were reduced f o r  a t i m e  a f te r  t h e  i n i t i a l  t e m -  
pera ture  rise of 0.25 second. For s t a t i o n s  i n  t h e  0.30-inch-wide s l o t s ,  
t he  l a t e r a l  Conduction e f f e c t s  r e su l t ed  i n  apparent heat ing rates which, 
f o r  t h e  highest  rates, were about 2 percent lower than t h e  a c t u a l  hea t ing  
ra te .  This e r r o r  would be  less f o r  hea t ing  rates lower than t h e  maximum. 

LI 

The theory of  reference 7 assumed a constant-temperature hea t  s ink  
a t  t h e  ends o f  t h e  tes t  specimen; and as a r e s u l t  of t h i s  assumption, 
t h e  theory i s  unsuited f o r  evaluat ing t h e  e f f e c t  of t h e  0.030- by 0.030- 
inch excess m a s s  i n  t h e  corner on t h e  thermocouples located 0.10 inch 
from t h e  corner, inasmuch as t h e  temperature of t h i s  mass increased 
s ign i f i can t ly  during a tes t .  An approximate method was developed t o  
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estimate t h e  e r r o r  caused by t h e  excess mass by using t h e  measured 
temperature-time h i s to ry  of t h e  excess mass. 
the  conduction e f f e c t  is  out l ined  i n  the appendix. The approximation 
indicated t h a t  t h e  apparent heat ing rate ,  calculated from t h e  da ta  
obtained from t h e  thermocouples located 0.10 inch from t h e  corner, w a s  
l e s s  than 7.5 percent below the  ac tua l  aerodynamic heat ing r a t e .  

This method f o r  es t imat ing 

Unpublished t h e o r e t i c a l  calculat ions have been made by t h e  Langley 
gas dynamics laboratory t o  estimate the e f f e c t s  of conduction i n  a 
cy l ind r i ca l  d i sk  which i s  heated a t  a r a t e  t h a t  i s  a funct ion of i t s  
temperature and bounded by a constant-temperature heat sink. These 
r e s u l t s  indicated that the difference between t h e  ac tua l  and apparent 
aerodynamic heat ing rates w a s  e s sen t i a l ly  zero f o r  s t a t i o n s  located i n  
t h e  center  of a 0.50-inch-diameter cavity, i f  t h e  da ta  were reduced f o r  
a time after the  i n i t i a l  temperature rise of 0.25 second. 
inch-diameter cavi ty  t h e  e r r o r  could be as much as 9 percent f o r  the 
maximum heat ing rate experienced. 

For the  0.30- 

The data  obtained from t h e  multi-instrumented c a v i t i e s  indicated 
t h a t  t h e  conduction e f f e c t  r e su l t ed  i n  an e r r o r  of less than 10 percent 
between the apparent an", actual aerodpamic heating r a t e  f o r  s t a t i o n s  
located i n  the  0.50-inch cav i t i e s .  The difference between t h e  heat-  
t r a n s f e r  rate computed from da ta  -obtained with the  thermocouple located 
i n  the  center  of t he  O.3O-inch cavi ty  and those located nearer t h e  w a l l  
i n  t he  same cavi ty  was about 10 percent. This r e s u l t  indicated t h a t  
t he  =?easure~ent.S made i n  t h e  0.30-inch-diameter cavi ty  were probably i n  
e r r o r  no more than 10 percent.  

m e  e f f e c t  of f i n i t e  normal conduction on the  apparent hea t - t ransfer  
r a t e ,  r e s u l t i n g  from at taching t h e  thermocouples t o  the  reverse  s ide  of 
the  model skin,  w a s  invest igated theo re t i ca l ly  by t h e  r e s u l t s  of refer- 
ence 8. The t h e o r e t i c a l  calculat ions indicated t h a t  f i n i t e  normal con- 
duction r e su l t ed  i n  an indicated heating r a t e  which w a s  i n  e r r o r  less 
than 2 percent f o r  t he  highest  heating rates experienced, i f  t h e  da t a  
were reduced f o r  a time a f t e r  the  i n i t i a l  temperature r i s e  of 0.25 second. 

Since t h e  conduction and radiat ion e r r o r s  were found t o  be s m a l l ,  
equation (2)  w a s  used t o  ca l cu la t e  the aerodynamic hea t - t ransfer  rate 
t o  the  model without t he  inc lus ion  of t h e  estimated correct ions.  The 
aerodynamic hea t - t ransfer  rate can be expressed a s  

and with the  use of equation ( 2 ) ,  the following expression f o r  t he  
Stanton number can be obtained: 
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(4) 

The change i n  temperature with respect  t o  t i m e  - 'Tm used i n  equa- a t  
t i o n  ( 4 )  was obtained by measuring the  slope of t h e  temperature-time 
curve a t  0.25 second after the  i n i t i a l  temperature r i s e .  The slopes 
were read on an o p t i c a l  comparator and are estimated t o  be cor rec t  within 
tO.5'. The model w a l l  temperature w a s  calculated from da ta  taken from 
t h e  oscil lograph t r a c e  a t  t h e  point  where t h e  slope was measured. 
0.25 second a f t e r  t he  i n i t i a l  temperature rise, t h e  model was s t i l l  
e s sen t i a l ly  isothermal s ince t h e  maximum increase i n  t h e  temperature was 
about 40' F. 
mater ia l  densi ty .  
f o r  t he  specif ic-heat  va r i a t ion  of t h e  model mater ia l  with temperature. 
The model skin thickness  f o r  each s t a t i o n  w a s  measured when t h e  model was 
constructed. 

A t  

The manufacturer's recommended value was used f o r  t h e  model 
An empirical  r e l a t ionsh ip  w a s  obtained from reference 9 

The recovery temperature i s  given by 

( 5 )  

The recovery f ac to r  qr f o r  laminar and turbulent  flow was obtained 
from the square root  and cube root  of t h e  free-stream Prandt l  number, 
respect ively.  In the  t r a n s i t i o n  region, t h e  turbulent-flow recovery 
f a c t o r  was used. 

The t e s t - sec t ion  ve loc i ty ,  densi ty ,  and s t a t i c  temperature were 
obtained from the  estimated t e s t - sec t ion  Mach number ( f i g .  3) and t h e  
measured stagnation conditions.  The free-stream spec i f i c  heat  c 
was used throughout t he  ca lcu la t ions  and w a s  estimated from reference 10 
from t h e  mean conditions f o r  t he  t e s t s .  

P , W  

DISCUSSION OF RESULTS 

Pressure Data 

Representative p l o t s  of t he  s ta t ic -pressure  da ta  f o r  both t h e  f la t -  
p l a t e  and corner models a r e  presented i n  figures 4 and 5. I n  figure 4, 
t h e  pressure r a t i o  f o r  both t h e  f l a t  p l a t e  and t h e  corner 
model i s  p lo t ted  against  dis tance along t h e  model f o r  severa l  values of 

( p  - p,)/p, 
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y 
t h e o r e t i c a l  f l a t - p l a t e  pressure- ra t io  curves ca lcu la ted  from t h e  boundary- 
l aye r  i n t e r a c t i o n  theory of reference 11. The pressure r a t i o  va r i a t ion  
on t h e  f l a t  p l a t e  w a s  l a rge  i n  comparison with t h e  maximum boundary-layer 
induced pressure r a t i o  predicted by f l a t - p l a t e  theory.  This d i f fe rence  i n  
pressure r a t i o s  w a s  probably caused by the  s t a t i c -p res su re  va r i a t ion  i n  t h e  
j e t  tes t  sec t ion .  It should be noted, however, t h a t  t he  maximum pressure 
on t h e  f l a t - p l a t e  model was only about 10 percent above free-stream s t a t i c  
pressure.  It should be f u r t h e r  noted t h a t  t he  pressure increase due t o  
the  shock-boundary-layer i n t e rac t ion  in  t h e  v i c i n i t y  of t h e  corner w a s  
c l e a r l y  evident regardless  of t h e  pressure va r i a t ions  previously 
described. 

and seve ra l  un i t  Reynolds numbers. Also shown i n  t h e  figure are t h e '  

I n  f igu re  5 ,  t he  r a t i o  (pc - pfp)/pfp, which represents  t h e  increase  
i n  s t a t i c  pressure on the  corner model over t h a t  f o r  t he  f la t  p l a t e ,  i s  
p lo t t ed  aga ins t  model length f o r  several  values of and severa l  u n i t  
Reynolds numbers. The r e s u l t s  indicate  t h a t  i n  the  v i c i n i t y  of t h e  
corner t h e  s t a t i c  pressure on the  corner model was as much as 10 t o  
12 percent g rea t e r  than t h a t  on t h e  f l a t  p l a t e  f o r  t h e  same tes t  

y 

colidrtiOns. 

There a r e  va r i a t ions  i n  t.he pressure along t h e  length of t he  corner 
model f o r  t h e  two s t a t i o n s  nearest  the corner,  and these  va r i a t ions  are 
repeatable .  It i s  not known whether these va r i a t ions  are due t o  corner 
or t e s t - sec t ion  e f f e c t s .  Variat ions similar t o  those shown i n  f igu re  5 
have been reported by Bogdonoff and Vas (ref; 12) from preliminary tests 
conducted i n  t h e  H e l i u m  Hypersonic Wind Tunnel of Princeton University.  
They t e n t a t i v e l y  a t t r i b u t e d  the  pressure va r i a t ions  i n  t h e  v i c i n i t y  of 
t he  corner t o  a shock-induced vortex systeo; generated a t  t h e  leading 
edge of t h e  corner.  

Figure 5 shows t h a t  the  distance from t h e  leading edge a t  which t h e  
peak pressure r i s e  occurred increased as t h e  d is tance  from t h e  corner 
increased. This r e s u l t  is  t o  be expected s ince  any dis turbance caused 
by t h e  corner would o r ig ina t e  at the leading edge of t h e  corner and 
spread outward from the  corner as the d is tance  from the  leading edge 
increased. A s  the  dis tance from the corner increased, t h e  peak and 
average values of t he  pressure r i s e  due t o  t h e  corner tended t o  decrease.  

The percentage of increase i n  the pressure i n  the  v i c i n i t y  of t h e  
corner was almost constant with respect t o  t h e  un i t  Reynolds number. 
There was, however, a s l i g h t  indicat ion t h a t  t he  increase i n  pressure 
due t o  t h e  corner increased as t h e  uni t  Reynolds number decreased; and 
t h i s  t r end  might be expected from boundary-layer i n t e rac t ion  theory.  

There were indica t ions  ( f i g .  5 )  t h a t  t he  pressure on t h e  corner model 
was about 2 percent higher than tha t  f o r  t he  f l a t  p l a t e  i n  regions where 
tne corner e f f e c t  would not be expected t o  be present  ( y  = 1.50, e .g .> .  
This discrepancy i n  pressure i s  noted, but no explanation f o r  it i s  known. 



Heat-Transfer Data 

The hea t - t r ans fe r  da t a  f o r  t h e  corner model are presented i n  f i g -  
u re  6 i n  t h e  form of Stanton number p l o t t e d  aga ins t  Reynolds number. 
The theo re t i ca l  value f o r  t h e  f l a t - p l a t e  Stanton number f o r  a laminar 
boundary l aye r  f o r  an insu la ted  p l a t e  and f o r  a turbulen t  boundary l aye r  
i s  also shown i n  f igu re  6. 
turbulent-flow Stanton number were obtained from references  13 and 14, 
respec t ive ly .  The temperature r a t i o  Tw/T, f o r  t h e  t h e o r e t i c a l  
turbulent-boundary-layer curve w a s  taken as 4.0 s ince  t h i s  value c lose ly  
approximated t h e  r a t i o  f o r  t h i s  inves t iga t ion .  

Theore t ica l  values f o r  t h e  laminar- and 

Figure 6 ind ica tes  t h a t  t h e  e f f e c t  of t h e  corner r e s u l t e d  i n  an 
increase i n  t h e  hea t - t r ans fe r  rate i n  t h e  v i c i n i t y  of t h e  corner f o r  
flow tha t ,  f o r  t h e  same Reynolds number, would be laminar on a f l a t  
p l a t e .  
r e t i c a l  f l a t - p l a t e  laminar-boundary-layer hea t - t ransfer  rates f o r  sta- 
t i o n s  0.10 inch from t h e  corner. The e f f e c t  of t h e  corner on hea t  t r a n s -  
f e r  i n  t h e  laminar-flow region decreased as t h e  d is tance  from t h e  corner 
increased; and at y = 1.50 inches, t h e  e f f e c t  of t h e  corner appeared t o  
be absent f o r  t h e  length of t h e  model. Figure 6 a l s o  ind ica t e s  t h a t  t h e  
e f f e c t  of t he  corner decreased as u n i t  Reynolds number increased. There 
appeared t o  be a negl ig ib le  influence of t h e  corner on t h e  turbulen t -  
boundary-layer hea t - t ransfer  rate and on t h e  t r a n s i t i o n  Reynolds number. 
There was some evidence ( f i g .  6) t h a t  t h e  bigh hea t - t r ans fe r  region i n  
t h e  v i c i n i t y  of t h e  corner was not uniform. 
as a r e s u l t  of t h e  pressure v a r i a t i o n  along t h e  model a t  t h e  two s t a t i o n s  
neares t  t he  corner. 

This increase could be as high as 50 percent g r e a t e r  than  theo- 

This r e s u l t  might be expected 

'The tendency of t h e  corner t o  increase  t h e  laminar-flow hea t -  
t r a n s f e r  rate i n  t h e  v i c i n i t y  of t h e  corner was probably due, i n  p a r t ,  
t o  t h e  increase i n  s t a t i c  pressure.  However, t h e  increase  of about 
50 percent f o r  t h e  hea t - t ransfer  rate a t  
g r e a t e r  than can be a t t r i b u t e d  t o  t h e  approximate 10-percent increase  
i n  pressure. 

y = 0.10 appeared t o  be 

A temperature-sensitive pa in t  i nves t iga t ion  was conducted t o  gain 
addi t iona l  information on the  hea t - t ransfer  rate i n  t h e  v i c i n i t y  of t h e  
corner. The pa in t  used i n  t h i s  i nves t iga t ion  had t h e  c h a r a c t e r i s t i c  
t h a t  a pronounced color change occurred a t  a known temperature. How- 
ever,  the gray tone of t he  co lors  involved were almost i d e n t i c a l  when 
recorded on black and white f i lm,  and e f f o r t s  t o  reproduce t h e  photo- 
graphs showing t h e  color changes were not successfu l  enough t o  warrant 
inclusion of  t hese  reproductions i n  t h e  r epor t .  The r e s u l t s ,  observed 
v i sua l ly ,  ind ica ted  high hea t - t ransfer  regions i n  t h e  v i c i n i t y  of t h e  
corner, and these  regions appeared t o  o r i g i n a t e  a t  t h e  leading edge of 
t h e  corner. In  general, t h e  high hea t - t ransfer  region w a s  confined t o  
an area i n  t h e  v i c i n i t y  of t he  corner. The r e s u l t s  of t h i s  inves t iga-  
t i o n  confirmed t h e  r e s u l t s  obtained with t h e  hea t - t r ans fe r  model and 
served t o  supplement these  r e s u l t s  by v i s u a l l y  ind ica t ing  t h e  ex ten t  
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of t h e  high hea t - t r ans fe r  region. The r e s u l t s  a l s o  showed seve ra l  
o the r  areas with higher heating rates than t h e  general  l eve l ,  and these  
could be a t t r i b u t e d  t o  t h e  leading-edge, t r a n s i t i o n ,  and end e f f e c t s .  

The v i s u a l  r e s u l t s ,  p lus  t h e  pressure and hea t - t ransfer  r e s u l t s ,  
tend t o  confirm t h e  t e n t a t i v e  pos tu la t ion  of Bogdonoff and V a s  (ref.  12), 
which a t t r i b u t e d  t h e  pressure var ia t ion  i n  t h e  v i c i n i t y  of t h e  leading 
edge of a corner t o  a shock-induced vortex system t h a t  is  generated by 
t h e  leading edge of t he  corner. 

A l i g h t  area i n  t h e  immediate v i c i n i t y  of t h e  corner d i sc losed  by 
t h e  temperature s e n s i t i v e  pa in t  inves t iga t ion  indicated a region of low 
hea t - t ransfer  rate. 
i n t e r a c t i o n  of t h e  normally undisturbed f l a t - p l a t e  boundary l a y e r  i n  t h e  
v i c i n i t y  of t h e  corner as predic ted  from t h e  incompressible-flow theory  
of references 2, 3, 4, and 5. This region d id  not appear t o  extend t o  
t h e  instrumented s t a t i o n s  nearest  t he  corner and, therefore ,  is  not 
shown i n  f igu re  6, except poss ib ly  at a u n i t  Reynolds number of 
1.95 x lo6 f o r  s t a t i o n s  0.1-0 inch from t h e  corner. 

This region could probably be a t t r i b u t e d  t o  t h e  

CONCLUSIONS 

An experimental i nves t iga t ion  was made t o  detemir?e t h e  e f f e c t s  of 
t h e  shock-boundary-layer in te rac t ion  on t h e  s t a t i c  pressure and hea t -  
t r a n s f e r  rate i n  thz vic i r? i ty  of an i n t e r i o r  corner formed by t h e  normal 
i n t e r s e c t i o n  of two planes where t h e  l i n e  of i n t e r sec t ion  was aililed 
with t h e  free-stream ve loc i ty .  The inves t iga t ion  w a s  made a t  a nominal 
Mach riumber of 4.95 and a s t a g m t i o n  temperatiwe of 400° F. 
Reynolds number f o r  t he  hea t - t ransfer  inves t iga t ion  ranged from 
1.95 x loG t o  74.17 x 10 6 per  foo t  and f o r  t h e  pressure test ,  from 

15.19 x 106 t o  74.17 x 106 per  foot .  

The nominal 

The r e s u l t s  of t h e  inves t iga t ion  indicated t h a t  t h e  s t a t i c  pressure 
i n  t h e  v i c i n i t y  of t h e  corner was from 10 t o  12 percent g rea t e r  than t h e  
pressure  on a f l a t  p l a t e  f o r  t he  same free-stream conditions.  The hea t -  
t r a n s f e r  inves t iga t ion  indicated tha t  t h e  laminar-flow hea t - t ransfer  rate 
i n  t h e  v i c i n i t y  of t he  corner was higher than t h e o r e t i c a l  values f o r  a 
f l a t  p l a t e  a t  t h e  same tes t  conditions. For a un i t  Reynolds number of 
3.39 x 10 6 per foot ,  t he  increase  was about 50 percent f o r  s t a t i o n s  
0.10 inch from t h e  corner. The e f f ec t  of t h e  corner on t h e  hea t - t ransfer  
r a t e  decreased with both d is tance  from the  corner and increas ing  u n i t  
Reynolds number. There was a negligible e f f e c t  of t h e  corner on t h e  
turbulent-flow hea t - t ransfer  r a t e  and the  t r a n s i t i o n  Reynolds number. 

Langley Research Center, 
N a t i m a l  Aeronautics and Space Administration, 

Langley F ie ld ,  V a . ,  September 3, 1959. 
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APPENDIX 

APPROXIMATE METHODS FOR ESTIMATING ERROR CAUSED 

BY EXCESS MASS I N  THE CORNER 

An approximate ana lys i s  f o r  the  conduction e f f e c t  of t he  0.050- 
by 0.030-inch excess m a s s  a t  the  corner on t h e  hea t - t ransfer  rate, com- 
puted from the da ta  obtained with the  thermocouple located 0.10 inch 
from the corner,  can be made by considering t h e  heat  balance f o r  an 
elementary volume shown i n  the  f igu re  below: 

Since t h e  e f f e c t  of r ad ia t ion  can be neglected, t he  heat  balance 
f o r  t h e  volume T Ax 4y i s  

If it is  assumed t h a t  t he  temperature of t h e  element i s  constant 
over i t s  volume o r  t h a t  t he  temperature of t he  thermocouple located 
a t  &/2 
storage ra te ,  a l s o  noted as the  apparent aerodynamic heat ing r a t e ,  i s  
given by 

measures the  mean temperature of t he  element, then the  hea t -  

L 
5 
2 
1 



L 
5 
2 
1 

" 

It has been previously demonstrated i n  the sec t ion  e n t i t l e d  "Reduction 
of Data" t h a t  conduction e f f e c t s  a r e  negl igible  except poss ib ly  i n  the  
v i c i n i t y  of t he  corner; therefore ,  it i s  reasonable t o  assume t h a t  t he  
heat  conducted from the  volume T Ax Ay i s  s tored i n  t h e  excess mass 
i n  t h e  corner.  
be one-half of t h e  heat-storage rate i n  t he  excess mass s ince  heat  i s  
conducted t o  t h i s  mass through two faces.  
r a t e  from T Ax Ay t o  t he  excess mass is  

The heat conduction r a t e  from the  elementary volume w i l l  

Thus, t he  heat  conduction 

1 
qcond = 2 (%tor) e 

and the  heat-storage rate f o r  t h e  excess mass i s  

(A3  1 

To f i n d  the  r a t i o  of t he  t r u e  aerodynamic heat ing rate t o  t h e  apparent 
heat ing rate, t h e  following r a t i o  i s  formed: 

qaero 
(2) 

e = 1 +  
dTrn 

2 @ Y -  d t  

-45 1 

Air 
For t h e  present  invest igat ion,  T = 0.030 inch and %L = 0.iO iiich. 

From equation ( A ? ) ,  i t  can be seen t h a t  i f  the  change i n  temperature 
with respec t  t o  time f o r  t he  excess mass approaches t h e  vaiue fox- the 
elementary volume, t he  maximum e r ro r  possible  i s  7.5 percent .  

2 

. 
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Y7 
in. 

0.10 
.30 
.70 

1.50 

TABLE I.- PRESSURE-ORIFICE STATION LOCATION 

x7 
in. 

0.25 0.75 1.50 2.50 4-00 6.00 8.00 
.25 .75 1.50 2.50 4.00 6.00 8.00 
.25 .75 1.50 2.50 4.00 6.00 8.00 
.25 .75 1.50 2.50 4.00 6.00 8.00 

0.50 
.50 
.50 
.50 
.50 

L 
5 
2 
1 

LOO 1.75 2.75 4.25 6.25 8.25 
LOO 1.75 2.75 4.25 6.25 8.25 
1.00 1.75 2.75 4.25 6.25 8.25 
1.00 1.75 2.75 4.25 6.25 8.25 
1.00 1.75 2.75 4.23 6.25 8.25 

TABLE 11. - "HERMOCOUPLE STATION LOCATION 

1.50 

x7 
i n .  
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Experiment N,,, per foot 
0 I5.19x IO6 
D 44.68 
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15.19 
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Theory, ref. I I 
__- 
_ - -  
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.I6 
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0 4 8 0  4 8 

Distance from leading edge, x ,  in, 

(a) Flat -plate model. 

Figure 4.- Static-pressure variation on model. Flagged symbols denote 
reruns. 
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(b) Corner model. 

Figure 4.- Concluded. 
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.oa 

.04 

.I6 

.I2 

.08 

.04 

0 
0 4 8 0 4 8 

Distance from leading edge, x , in. 

Figure 5.-  Effect  of corner on s t a t i c  pressure i n  v i c i n i t y  of corner.  
Flagged symbols denote reruns.  
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(b) N R ~  = 44.68 X 10 6 per foot. 

Figure 5.- Continued. 
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Distance from leading edge, x ,  in. 

( c )  NRe = 74.17 x 10 per foot .  6 

Figure 5.- Concluded. 
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